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Abstract
Crystals of Bi2Sr2CaCu2Oy, Bi2Sr2PrCu2Oy and Bi2Sr2GdCu2Oy were grown using the traveling solvent floating zone (TSFZ) method,
with the dimensions of approximately 6 mm × 2 mm × 0.2 mm. The primary crystallization field (PCF) was determined by analyzing the
composition of the melt zone after self-adjusting during growth. Relative to Bi-2212 solid solution region, the PCF of Bi2Sr2PrCu2Oy
shifted towards the CuO-rich corner, and the PCF of Bi2Sr2GdCu2Oy was located approximately at the BiO1.5-rich and CuO-rich side,
in the pseudo-ternary BiO1.5–(Sr, Pr, Gd)O–CuO phase diagram. Such variation in solvent compositions may significantly influence the
segregation behavior of each constituent so as to influence the maximum stable growth rates of each compound. The minimum critical
values of G/R are 5.39×1011 Ksm−2 of Bi2Sr2GdCu2Oy, 4.5×1011 Ksm−2 of Bi2Sr2CaCu2Oy, and 2.94×1011 Ksm−2 of Bi2Sr2PrCu2Oy.
These data obtained from fundamental estimations are consistent with experimental results, indicating a decreasing behavior of growth
difficulty.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Bi2Sr2CaCu2Oy (Bi-2212) has received extensive atten-
tion since the discovery of high-Tc superconductors [1–3].
Identifying the role of each constituent in superconducting
compounds provides an indirect route of recognizing the
origin of superconductivity. Replacing Ca with Y [4], or
rare earth ions (RE) [5–20], will have similar characteristics
that degrade the superconducting temperature. In general,
when the doping ratio x ranged from 0.45 to 0.55, these
compounds displayed the breakdown of superconducting
behavior. Among all, Pr substituted cuprates have received
particular interest owing to the anomaly of the Pr antifer-
romagnetic transition temperature. The real cause for such
phenomenon has not been clearly identified because most
of the polycrystalline Pr-doped Bi-2212 samples used in
the studies are often found to be inhomogeneous [5–12].
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Therefore, attention has been focused on the growth and
measurement on single crystals. The studies [13,14] have
reported on the growth of Bi2Sr2(PrxCa1−x)Cu2Oy using a
BiO1.5-rich self-flux by slow cooling method, and investi-
gated the structure and superconductivity of single crystals
with actual doping levels x = 0–0.78. The studies indicated
that as the doping level increase from x = 0 to 0.7, the
crystal size decreased from 8 mm× 3 mm to 1 mm× 1 mm.
Furthermore, with nominal compositions of doping level
x greater than 0.7, the grown crystals are of the Bi-2201
and the Bi-2222 phase. Up to now, single crystals of higher
Pr doping ratios and complete substitution have not been
obtained.
On the other hand, investigation has been focused on Gd
substituted cuprates for clarifying the substitution effect,
since the perovskite structure is not affected by the substitu-
tion and it remains a nearly constant cell volume [5,16–18].
In those studies, the polycrystalline Bi2Sr2GdCu2Oy spec-
imen were determined to possess a lower antiferromag-
netic ordering temperature at approximately 1.6 K, implying
0254-0584/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2004.04.004
K.W. Yeh et al. / Materials Chemistry and Physics 86 (2004) 382–389 383
weaker magnetic interactions for the Gd compounds. Zhao
et al. [19] have succeeded in growing a series of Gd dop-
ing, using a BiO1.5-rich self-flux, Bi2.4Sr2Ca1−xGdxCu2Oy.
Nevertheless, as-grown crystals of various doping levels
were small and the maximum crystal size of x = 1.0 was
1 mm × 1 mm × 0.05 mm. As the doping ratio is a crit-
ical issue, it is noteworthy that crystals of the Gd com-
plete substitution were obtained in this study. Compared
to other RE-doping in Bi-2212 compound, crystal of x >
0.7 of Pr doping [13,14], x > 0.45 of La doping [20],
and x > 0.8 of Ce doping [21], were not obtained. The
self-flux method is generally used to grow high-Tc supercon-
ductors because of its simplicity. However, in systems hav-
ing a narrow crystallization field, the flux method produces
only small crystals in a huge block of flux, as described
above.
The compositional ranges of the primary crystallization
field (PCF) of Bi-2212, have been studied by several groups
[22–26], and it is now widely agreed that, compared to the
solidus, the PCF located at the BiO1.5-rich region. There-
fore, those studies trying to grow the Re-doping Bi-2212
crystal by the slow cooling method normally started with
a BiO1.5-rich flux. However, while different ions of vari-
ous doping levels are introduced in the Bi-2212 material
system, as the knowledge of the liquidus compositions
is almost scanty, the growth difficulty will increase due
to unsuitable solvent composition. Therefore, to success-
fully grow Pr and Gd substituted Bi-2212 crystals, it is
necessary to determine the equilibrium relations between
the solidus and its corresponding liquidus in the phase
diagram.
The traveling solvent floating zone (TSFZ) method
adopted herein prevents the high-temperature melt from re-
acting with the crucible. Pr-doped, Gd-doped and undoped
Bi-2212 compounds were grown, and major growth param-
eters were discussed. For purpose of clarifying, particular
attention was placed on defining the conditions required to
grow Gd substituted Bi-2212 crystals. Furthermore, pro-
vided a sufficiently stable freezing interface can be main-
tained in TSFZ method, the composition of the molten zone
will automatically adjust itself to a suitable composition
so that the freezing solid will be the same composition as
the feed rod [27]. At the solidus temperature, the melt zone
will assume the liquid composition in equilibrium with the
solid. Fortunately, this technique provided a direct path to
recognize the equilibrium liquidus composition by mea-
suring the steady-state melt zone. As a result, the PCF of
Pr-doped and that of Gd-doped Bi-2212 will be proposed
herein. Maintenance of a planar interface will require large
temperature gradient (G) and slow growth rate (R). If the
equilibrium composition of the melt is very different from
that of the solid, the practical processing window (G/R)
should be determined. Due to the compositional varia-
tion of PCF, this work also discusses the difference of the
maximum stable growth rates while different ions were
introduced.
2. Experimental procedure
An infrared radiation furnace (model 15HD, NEC Nichi-
den Machinary) equipped with two ellipsoidal mirrors and
two 1.5 kW halogen lamps positioned at the foci of the mir-
rors were used in this study. The melt with solvent compo-
sition was suspended between two rods by surface tension.
When simultaneously lowering both rods, crystallization oc-
curred at the growth front between the lower rod and the
melt. Growth atmosphere in the quartz chamber was main-
tained constantly at 1 atm, and low oxygen pressure was
controlled by the flow of a mixed gas (Ar:O2 = 13 : 1).
These two rods were rotated in opposite directions to pro-
vide efficient mixing within the melt.
The first stage of the experiments was to use the
2212 stoichiometric composition in Bi2Sr2CaCu2Oy,
Bi2Sr2PrCu2Oy, and Bi2Sr2GdCu2Oy systems as the com-
position of the feed rod, and a BiO1.5-rich off-stoichiometric
ratio Bi0.325Sr0.29(Ca, Pr or Gd)0.145Cu0.24Oy, abbreviated
as 325-240-Ca (or Pr, Gd) as the starting solvent. The
325-240-Ca (or Pr, Gd) emphasizes the distribution of Bi
and Cu, which are the two components varied most by
melting, as described below. The 99.9% purity powders
of Bi2O3, SrCO3, CaCO3 (or Pr6O11, Gd2O3) and CuO
were mixed, ground, and repeatedly calcined at 800 ◦C for
24 h. After calcination, the powders were ground to 1m
particles and pressed into a rubber tube under a hydro-
static pressure of 600 kg cm−2; thereafter, it was sintered at
850 ◦C for 48 h. Implementing a zone-passing procedure at
a faster growth rate, such as 20 mm h−1, the feed rod was
made non-porous in the process of the flow of a solvent.
Then the solid–liquid interface could be held more stable
during the succeeding crystal growth process because a
penetration of the molten liquid into the grain boundaries
of the feed rod was reduced. After more than 30 mm length
of crystal was grown at a slow growth rate, we quenched
the molten zone by switching off the lamp power. The
high temperature gradients required to stabilize the molten
zone can be ensured by two ellipsoidal mirrors focusing the
image of two lamps at the common focus point. In order
to characterize the temperature distribution, we probed the
axial temperature variation of a Bi-2212 ceramic heated at
around 80% of power at its melting. To simulate a similar
thermal conductive condition, a piece of Bi2Sr2CaCu2Oy
ceramic cylinder rod, 15 cm long, and 8 mm in diameter
was employed here. Furthermore, the junction of a Pt/Pt–Rh
13% thermocouple was placed in contact with midpoint
of the rod. Temperature distribution along the growth axis
was measured by sampling data as the rod was moved
longitudinally at a slow rate.
A Rigaku Rotaflex RU-300 X-ray powder diffractome-
ter with Cu K X-ray source was used to investigate the
phase purity and the lattice constant of crystals. The c-axis
length of the crystal was estimated by Nelson–Riley extrap-
olation [28] with 2θ values of (0 0 2 0), (0 0 2 2), (0 0 2 6),
(0 0 2 8) and (0 0 3 0) diffraction peaks. This extrapolation
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procedure gives an accuracy of better than 0.001 Å. The
quantitative analyses were calibrated with an amorphous
material (as prepared by splat-quenching) as the standard,
with the nominal composition Bi2Sr2(Pr0.5Ca0.5)Cu2Oy and
Bi2Sr2GdCu2Oy. The inductively coupled plasma atomic
emission spectrometer (ICP-AES) analyzer Perkin-Elmer
300DV was used to confirm the compositions of the amor-
phous standard. The accuracy of the ICP-AES measurement
is within 3% of the amount present. Therefore, to reveal
the surface morphology as well as the compositions, anal-
yses were performed in a scanning electron microscope
(SEM) using a Joel JSM-840A instrument equipped with
a Link MK6B energy dispersive X-ray (EDX) analyzer.
The characteristic peaks of each element, Bi3+ L, Sr2+
L, Ca2+ K (or Pr3+ L, Gd3+ L), and Cu2+ K were
chosen, and in doing so, a relative error of less than 2%
was obtained. In order to determine the melting points of
solidus (2212 phase) and liquidus (the quenched zone),
simultaneous differential thermal analysis (DTA) and ther-
mogravimetry (TG) measurements of the chosen samples
were performed in an atmosphere of static air (using a MAC
Science TG-DTA 2000 analyzer).
3. Results
The notations of Bi2Sr2RCu2Oy, in which R represents
Gd, Pr and Ca, are simplified as 22R2 herein. Growth param-
eters and nominal compositions of three 22R2 systems are
summarized in Table 1. In preliminary studies, the growth
rate of 0.2 mm h−1 and the rotation rate of 30 rpm are op-
timal for crystal growth of the 22Ca2. The grown boule
was made of many largely misoriented plate-like crystals
of Bi-2212, therefore single crystals with dimensions up to
10 mm × 2 mm × 0.2 mm could be easily cleaved and had
very clean surfaces free of microsteps. Typical as-grown
crystals were presented in Fig. 1 as crystal (a) and crystal
(b).
A systematic study of Bi2Sr2Ca1−xPrxCu2Oy, where
x = 0–1.0, was undertaken to determine growth parameters,
crystal properties, as well as the phase compositions. Large
single crystals of 22Pr2, typically 10 mm×3 mm×0.2 mm,
Table 1
Varied growth parameters, compositions of the as-grown single crystals and compositions of the melt zone within the growth of Bi2Sr2RCu2Oy (22R2),
while R represented Gd, Pr and Ca
System Run
no.
Nominal compositions Parameters Results
Feed (reduce to 7) Solvent (mol%) Growth
(mm h−1)
Rotate
(rpm)
Crystal compositions
(mol%)
Melt zone compositions
(mol%)
Bi Sr R Cu Bi Sr R Cu Bi Sr R Cu Bi Sr R Cu
22Gd2 #Gd1 2 2 1 2 32.5 29 14.5 24 0.2 30 27.67 28.68 16.39 27.27 36.66 25.99 7.04 30.31
#Gd2 2 2 1 2 32.5 29 14.5 24 0.2 20 27.57 28.88 16.19 27.37 35.51 26.66 5.06 32.77
#Gd3 2 2 1 2 32.5 29 14.5 24 0.15 20 27.90 27.93 16.43 27.74 37.28 23.16 6.31 33.26
22Pr2 #Pr1 2.09 2 0.89 2.02 32.5 29 14.5 24 0.2 30 28.98 29.26 14.65 27.10 30.97 27.41 4.45 37.18
22Ca2 #Ca1 2.09 2 0.89 2.02 32.5 29 14.5 24 0.2 30 30.68 26.77 14.02 28.53 34.61 27.32 11.45 26.52
were successfully grown. Those crystals, containing no im-
purities, show a clean X-ray diffraction pattern of the pure
Bi-2212 phase. Typical 22Pr2 single crystals are shown in
Fig. 1, labeled from (d) to (f). A planar interface was ob-
served, indicating a stable growth condition was established
before zone quenching. Therefore, the solidus composition,
Bi1.965Sr2.046Pr1.096Cu1.894Oy, and liquidus composition,
Bi0.323Sr0.278Pr0.049Cu0.350Oy, were obtained by EDX
measuring. Detailed growth parameters and results will be
described elsewhere.
In directional solidification processes, such as floating
zone crystallization, the fundamental growth parameters are
thermal gradient in the liquid at the solid–liquid interface,
G, the growth rate, R, and the extent and distribution of con-
vection. In order to reveal the different growth characteris-
tics in these material systems, the growth behavior of 22Gd2
will be described more specifically as follows. Growth rate
of 0.2 mm h−1 and rotation rate of 30 rpm in opposite direc-
tions were initially applied in run #Gd1. After observing the
cross-section of the quenched zone by stereoscope, the freez-
ing interface was slightly concave toward the melt. During
the growth process, the convection pattern of the zone can
be in-situ monitored from a projector screen. In our observa-
tions, when the growth proceeded, the 22Gd2 melt within the
zone possessed a lower viscosity compared to the melt of the
22Pr2 and 22Ca2, which may resulted in a more significant
convection, thereby flattening the interface. In order to main-
tain a slightly convex growth interface so as to decrease the
number of grain boundaries [29], rotation rate was reduced
to 20 rpm in our subsequent growths, resulting in a slightly
convex interface as expected in #Gd2 and #Gd3. However,
after growth runs #Gd1 and #Gd2, as-grown crystals were
small and with poor crystallinity. Four undefined peaks ap-
peared on the X-ray diffraction patterns of some crystals. Im-
purity phase, identified as Bi1.647Sr1.570Gd2.140Cu1.643Ox,
was found on the cleaved surface of 22Gd2 crystal un-
der SEM, indicating that a cellular growth front had oc-
curred at the solid–liquid interface. Thus, by slowing the
growth rate to 0.15 mm h−1 in growth run #Gd3, single crys-
tals with approximately 6 mm × 2 mm × 0.2 mm size were
produced with significantly improved crystallinity. Typical
Bi2Sr2GdCu2Oy single crystal is shown as crystal (c) at the
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Fig. 1. A photograph of Bi2Sr2RCu2Oy single crystals, where R represents Ca, Pr or Gd. Crystal (a) and crystal (b) are as-grown Bi2Sr2CaCu2Oy single
crystals, and crystal (c) is Bi2Sr2GdCu2Oy single crystal. Crystals from (d) to (f) are Bi2Sr2PrCu2Oy single crystals. The actual size of a square in the
background is 1 mm × 1 mm.
left bottom in Fig. 1. As seen in Fig. 2, only (0 0 l) diffraction
peaks of pure 22Gd2 phase appeared. Hence, using a fitting
method with the Nelson–Riley function, the c-axis length
was estimated as 30.1551 Å. The crystal composition was
determined to be Bi1.953Sr1.955Gd1.150Cu1.942Oy by EDX,
from 20 points sampling in axial direction of crystal. Within
Fig. 2. The X-ray diffraction pattern of orthorhombic (0 0 l) lines for the as-grown Bi2Sr2GdCu2Oy single crystal.
a piece of crystal, the standard deviations of each element
were all less than 1.7%, indicating that homogeneous single
crystals were obtained.
It is interesting to compare the growth experience as de-
scribed above in the 22Ca2, 22Pr2 and 22Gd2 systems. The
growth conditions of 22Pr2 were much more stable than
386 K.W. Yeh et al. / Materials Chemistry and Physics 86 (2004) 382–389
Fig. 3. Compositional diagram for the BiO1.5–(Sr, R)O–CuO systems, where R represents Ca, Pr and Gd. The hollow ellipse indicates reported solid
solution range of Bi2Sr2CaCu2Oy . Hollow triangle and hollow rectangle denote the measured compositions of 22Gd2 and 22Pr2 single crystals identified
in this study, respectively. The hollow circles denote the quenched zone compositions of Bi2Sr2RCu2Oy systems. The dashed lines represent the tie line
relationships between the solid phase and the corresponding primary crystallization field.
that of 22Ca2 and 22Gd2, so crystals with greater crystal
size and better crystal quality can more easily be obtained.
Apparently as seen in Fig. 1, the size of three 22Pr2 single
crystals (d)–(f) is greater than that of crystal (a) and crys-
tal (b) of 22Ca2, which in turn is prominently greater than
the size of 22Gd2 crystal, labeled as (c). This result is even-
tually in contrary to the reports with slow cooling method
[13–15,19], which may result from the difference of maxi-
mum stable growth rate between these three system, as will
be discussed later.
For purposes of discussion, a representation of the equi-
libra will take the form of the pseudo-ternary composition
triangle shown in Fig. 3, composed of the isothermal section
BiO1.5–(Sr, R)O–CuO at approximately 900 ◦C. This trian-
gle has as two of its vertices pure BiO1.5 and pure CuO.
The third vertex represents the combined concentration of
SrO and RO (R = Ca, Pr or Gd). The scale is expanded
in the diagram to identify more clearly the phase positions.
The compositional range enclosed by the solid ellipse in the
diagram represents the 22Ca2 solidus that ties to the liq-
uidus. The long axis of this ellipse indicates a larger range
of bismuth distributions within the compound [22]. As seen
in Fig. 3, the solid ranges of 22Gd2 () and 22Pr2 (), in
contrast to 22Ca2 case, similarly shift upward to the (Sr,
R)O vertex of the phase diagram. Therefore, as seen from
the data in Table 1, both Bi and Cu decrease by approxi-
mately 1 mol% in 22Gd2 and in 22Pr2 system compared to
2212 stoichiometry (∗).
The hollow circles in Fig. 3 represent the quenched
zone compositions of Bi2Sr2RCu2Oy, where R represents
Ca, Pr or Gd. In the 22Ca2 case, the average composition
of the quenched zone is Bi2.425Sr1.911Ca0.807Cu1.857Oy
(346-265), proximal to the starting solvent composition
of Bi2.275Sr2.03Ca1.015Cu1.68Oy (325-240). The result
proves that the compositional region of BiO1.5-rich and
CuO-deficient relative to 2212 stoichiometry represents
the PCF of undoped Bi-2212 and is similar to the re-
ports by other groups [23,25]. However, in 22Pr2 case
which starts with a BiO1.5-rich and CuO-deficient solvent,
the melt composition significantly changes to a CuO-rich
composition of Bi0.308Sr0.281Pr0.042Cu0.369Oy after the
growth. In order to achieve steady-state growth, the highly
CuO-rich composition of Bi0.308Sr0.281Pr0.042Cu0.369Oy
was selected for the solvent rod, and the crystal com-
position of Bi2.029Sr2.048Pr1.025Cu1.897Oy was selected
for the feed rod. After stable growth with a constant
shape and volume of the zone, larger crystals of approx-
imately 10 mm × 3 mm with better crystalline quality
were obtained. The composition of the quenched zone
was measured to be Bi0.323Sr0.278Pr0.049Cu0.350Oy, close
to the nominal one. Besides, the crystal composition of
Bi1.965Sr2.046Pr1.096Cu1.894Oy was almost identical to the
nominal composition of feed rod within the error of EDX
technique. It is suggested that steady-state growth condi-
tions are established; consequently, it implied a CuO-rich
melt corresponding to the nominal liquidus, which is in a
tie line relationship with the crystalline solidus in the 22Pr2
system.
Similar to 22Pr2, a BiO1.5-rich and CuO-deficient com-
position (325-240-Gd) was initially used as the solvent
in the 22Gd2 case. After growth runs #Gd1–#Gd3, the
three melt zone composition measured are consistent, all
of which changed greatly to a BiO1.5-rich and CuO-rich
region. It is noteworthy that, this compositional range, ap-
proximately Bi2.609Sr1.621Gd0.442Cu2.328Oy, corresponds to
a near eutectic composition, thereby having a lower liquidus
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temperature. Compositions of the as-grown crystals as well
as the quenched zones are summarized in Table 1.
Starting at the same point in the phase diagram, with
composition of BiO1.5-rich and CuO-deficient, these two
PCFs differed greatly in the direction of compositional vari-
ation. The trace, from the starting solvent to PCF of 22Pr2,
even crosses the tie line of 22Gd2 system. It is suggested
that at the slow growth rates in this study, the liquid zone
indeed reached a composition within the PCF related to
the 2212 compound. Furthermore apparently in Fig. 3, the
PCFs of 22Pr2 and 22Gd2, locating at the CuO-rich side
in the diagram, are significantly different from the 22Ca2
case. This compositional range, which has been normally
considered with a higher melting point, was determined to
have mixed phases consisting of Bi-2212, Bi-2201 and CuO
[30,31]. A striking feature here is that in both the 22Pr2
and 22Gd2 systems, we propose CuO-rich PCFs as eu-
tectics with lower melting points. From our compositional
point of view, the unsuccessful growth experiments with
higher level of Pr doping [13–15], La doping [20], and Ce
doping [21] by the slow cooling method, were due to the
unsuitable BiO1.5-rich flux compositions. Thus, it is sug-
gested that the discrepancy of PCF from BiO1.5-rich region
has made crystals of the high rare earth doping difficult to
obtain.
4. Discussion
In order to achieve continuous growth without den-
drites and inclusions, the concept of the maximum stable
growth rate must be followed [32]. The growth instability
of freezing interface depends upon the G/R factor. That is,
when G/R is greater than a certain critical value, constitu-
tional supercooling can be avoided. Planar growth fronts
of Bi2.5Sr2CaCu2.2Oy are observed when the G/R is larger
than 3 × 1011 Ksm−2 in 2.75 atm oxygen with the laser
heated float zone (LHFZ) method [25]. In this report, the
temperature gradients in the liquid were found to be nearly
the same despite of the power change. Therefore in our
TSFZ apparatus, the axial temperature gradient (G) at the
growth front was measured approximately 250 ◦C cm−1,
which will be considered as a constant value in three 22R2
systems. Experimental results indicate the presence of pla-
nar growth fronts of Bi2Sr2CaCu2Oy when the temperature
gradient divided by the maximum stable growth rate of
0.2 mm h−1 is larger than 4.46× 1011 Ksm−2.
The G/R value observed in these experiments will also
be discussed with the aid of the criterion of constitutional
supercooling proposed by Tiller [33]. Instability of a solu-
tion containing a number (j) of solute constituents may be
expressed as:
G
R
<
j∑
i=1
(mi(ki − 1)nj)/(Di/D0)
D0
where D0 is the diffusion coefficient of the solvent, Di refers
to the diffusion coefficient of solute constituent i, mi the
slope of liquidus curve, ki the segregation coefficient, and
ni the solute concentration.
The expression for obtaining a planar growth interface
is written by grouping the growth parameters on one side
(experimental G/R) and the material properties on the other
(estimated G/R). None of these parameters in the right side
of the criterion were clearly known in this material system.
For the sake of a clear discussion on the G/R value, we pro-
pose certain numbers for a reasonable estimation as follows.
To simplify the case, the diffusion coefficient of solute con-
stituent Di is assumed herein to equal the diffusion coeffi-
cient of the solvent D0, and a typical value of 10−9 m2 s−1
in the oxide flux systems is used [34]. The compositions of
the solute CS and the solvent CL were adopted from growth
runs, thereby allowing us to obtain the segregation coeffi-
cients of each element ki. Furthermore, the slope of liquidus
curve mi is calculated by dividing the temperature differ-
ence with the concentration difference. By assuming a sim-
ilar slope at above and below the peritectic point of 2212
compound, the temperature difference equals the difference
between the partial melting point of the solvent and the total
melting point of the 22R2 phase. As a result, G/R value from
this estimation equals 4.5 × 1011 Ksm−2 in 22Ca2 system.
This value apparently correlates well with the experimental
results. Table 2 summarizes the estimated and experimental
results of three different doping.
Meanwhile, the growth rate of Gd-doped should be re-
duced to 0.15 mm h−1 or slower to avoid the formation of
cellular growth fronts. Therefore, the experimental G/R is in-
creased to approximately 5.95× 1011 Ksm−2 with the same
value of temperature gradient. Consequently, owing to the
compositional change of the solidus and the corresponding
liquidus, a larger G/R, i.e. 5.39× 1011 Ksm−2, was also ob-
tained from the similar assumptions. The experimental and
estimated G/R values both indicate the consistent tendency
of having a larger value. Therefore, it is apparent to see
the reason why severe growth conditions were encountered
and the 22Gd2 crystal (crystal c) in Fig. 1 was the small-
est among all. On the other hand, the estimated G/R of the
Pr doping appeared to be around 3 × 1011 Ksm−2, which
was smaller than those of the 22Ca2 and 22Gd2 systems.
Accordingly, from experimental point of view, a low G/R
of 22Pr2 possibly accounts for why crystals of better qual-
ity and larger size were more easily obtained at the same
growth rate of 0.2 mm h−1.
The reason why the G/R is arranged in a decreasing or-
der from 22Pr2, 22Ca2, to 22Gd2 remains unknown. Due
to the incongruent melting behavior in oxide systems, it
is suggested that the larger the equilibrium freezing range,
the larger the G/R value required to achieve a plane front
will be. From this viewpoint, the freezing range (column 5
in Table 2) of 22Ca2 compound with compositions around
stoichiometry is 100 ◦C. Compared to that of 22Pr2 (50 ◦C),
this may require a larger G/R in a stable growth. These
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Table 2
The estimated and experimental values in the equation of the supercooling criterion
System Element CS (ni)
(%)
CL (%) ki
(=CS/CL)
Tliquidus
(◦C)
Tsolidus
(◦C)
∑j
i=1
(mi(ki − 1)nj)/(Di/D0)
D0
Maximum
stable growth
rate (mm h−1)
Experimental
G/R (Ksm−2)
22Ca2 Bi 30.658 34.651 0.885 1000 900 4.5 × 1011 0.2 4.46 × 1011
Sr 26.645 27.301 0.975
Ca 13.731 11.526 1.191
Cu 28.966 26.522 1.09
22Pr2 Bi 28.984 30.966 0.936 1025 975 2.94 × 1011 >0.2 <4.46 × 1011
Sr 29.264 27.406 1.068
Pr 14.648 4.451 3.291
Cu 27.104 37.179 0.729
22Gd2 Bi 27.898 37.275 0.748 1009 910 5.39 × 1011 0.15 5.95 × 1011
Sr 27.930 23.156 1.206
Gd 16.431 6.313 2.603
Cu 27.741 33.257 0.834
estimated G/R values are highly approximate because of
the uncertainty in diffusion coefficient, yet it clearly con-
veys the relationship between the maximum stable growth
rate and compositions. Therefore, one must consider this as
excellent agreement between theory and experiment.
5. Conclusions
The determination of PCF provides a direct route to ob-
tain high quality crystals in a solution growth system. While
different ions were introduced, the solvent composition
shifted markedly away from the (Sr, Pr, Gd)O corner in the
pseudo-ternary BiO1.5–(Sr, Pr, Gd)O–CuO phase diagram.
High quality single crystals of Bi2Sr2RCu2Oy (R denotes
Ca, Pr, Gd) of approximately 6 mm× 2 mm× 0.2 mm were
obtained from TSFZ-grown boules. A reasonable growth
rate R to obtain good single crystal can be derived from
the critical ratio of G/R when the temperature gradient G
of certain growth system is determined. Therefore, G/R
parameter can be applied as a checkpoint for stable growth
of Bi-2212 via different doping. Such variations in solvent
compositions significantly influence the maximum stable
growth rates and further influence the crystal growth dif-
ficulty of each compound. Therefore, careful control of
growth conditions maintains a planar growth interface and
leads to larger crystals of better quality.
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